Certain types of intracellular organelle transport to the cell periphery are thought to involve long-range movement on microtubules by kinesin with subsequent handoff to vertebrate myosin Va (myoVa) for local delivery on actin tracks. This process may involve direct interactions between these two processive motors. Here we demonstrate using single molecule in vitro techniques that myoVa is flexible enough to effectively maneuver its way through actin filament intersections and Arp2/3 branches. In addition, myoVa surprisingly undergoes a one-dimensional diffusive search along microtubules, which may allow it to scan efficiently for kinesin and/or its cargo. These features of myoVa may help ensure efficient cargo delivery from the cell center to the periphery.
Certain types of intracellular organelle transport to the cell periphery are thought to involve long-range movement on microtubules by kinesin with subsequent handoff to vertebrate myosin Va (myoVa) for local delivery on actin tracks. This process may involve direct interactions between these two processive motors. Here we demonstrate using single molecule in vitro techniques that myoVa is flexible enough to effectively maneuver its way through actin filament intersections and Arp2/3 branches. In addition, myoVa surprisingly undergoes a one-dimensional diffusive search along microtubules, which may allow it to scan efficiently for kinesin and/or its cargo. These features of myoVa may help ensure efficient cargo delivery from the cell center to the periphery.
cytoskeleton ͉ molecular motor ͉ motility ͉ processivity C oordinated organelle transport along certain secretory pathways starts with kinesin-powered movement on microtubules and finishes with vertebrate myosin Va (myoVa)-based motility on actin (1) (2) (3) (4) . This trip requires that both motors be present when a microtubule-actin intersection is encountered, but how these two motors find one another or the cargo they share is still unknown. Another challenge is to understand how cargo is delivered to its destination by way of the complex cytoskeletal network. Vertebrate myoVa is a processive motor that can travel long distances along its actin track (5) . However, the cytoskeletal intersections that myoVa must encounter along its journey may present a physical barrier to forward motion or an alternate path to its final destination.
To investigate this issue from myoVa's point of view, we observed single myoVa molecules labeled with highly photostable quantum dots (Qdots) in an objective-type total internal reflectance microscope (6) as they maneuvered through a model of cytoskeletal intersections created on a microscope coverslip coated with either actin filaments (Fig. 1A) or actin filaments and microtubules (Fig. 1B ). In this model system, actin-actin intersections could inhibit or alter myoVa's direction of travel while actin-microtubule intersections should act as a hurdle to myoVa's processive movement. Given myoVa's ability to take 72-nm steps as it walks processively along actin filaments in a handover-hand fashion (6) (7) (8) (9) and its inherent flexibility (10, 11), we have observed that myoVa can easily maneuver past actin filament intersections. In contrast, when encountering a microtubule, myoVa cannot step over this physical barrier, but surprisingly can step onto the microtubule and begin a onedimensional diffusive search. Thus, myoVa has evolved to handle the challenges of the cytoskeletal network and through its interaction with the microtubule can effectively scan for its transport partner, kinesin, and/or its cargo.
Results and Discussion MyoVa Dynamics at Actin Filament Intersections.
To determine what happens when myoVa encounters an overlapping actin filament, we adhered Alexa Fluor 660 phalloidin-labeled actin filaments to the coverslip, followed by TRITC-phalloidin-labeled actin filaments ( Fig. 1 A) . Thus, the TRITC filaments all lay over the Alexa Fluor filaments, providing a hurdle to myoVa.
We observed 171 individual myoVa molecules approaching an actin filament intersection and found that they took three options: 15% stepped over the intersecting actin; 37% terminated their movement at the intersection; and the remaining 48% turned left or right with equal probability [ Fig. 2 and supporting information (SI) . A fourth option was that the intersecting actin filament created an effective, 7-nmhigh ''underpass'' through which myoVa could travel. However, given myoVa's size and the Ϸ15-nm diameter of the attached Qdot, it is unlikely that myoVa could squeeze through this gap. When turning at an intersection, the direction taken was determined by the polarity of the intersecting TRITC-actin filament, so the myoVa stepping mechanism has no apparent bias that favors turning one direction over the other. Because myoVa can cross over an actin filament, the leading head must lift off its actin track by at least the 7-nm diameter of the intersecting actin filament. MyoVa must also possess considerable flexibility (10), because it turned at intersections through angles between 10°a nd 150°. This flexibility might exist at the junction between the coiled-coil region and the individual necks (11) . The flexibility allows the lead head to sample actin monomers within a target zone defined by its potential 50-to 95-nm stepping range (6, 8) while its trailing head is attached to the lower filament (Fig. 3B) . Although some monomers may not be available for myosin binding due to the geometry and the mode of actin filament attachment to the coverslip, a simple structural model (Fig. 3B) suggests that Ϸ40 available actin monomers exist within the target zone; 80% providing potential binding sites for turning, whereas only 20% may allow the lead head to step over the intersecting actin. This calculated 4:1 ratio of turning at-tostepping over an intersecting actin is remarkably similar to the observed 48% turning and 15% crossover frequency. The 48% turning probability may be the basis for the 50% switching probability between actin filaments that has been predicted for melanosomes being transported by a single myoVa (12) .
An intersecting actin filament also represents a physical barrier, because the probability of termination at an intersection (37%) is 3-fold greater than predicted based on previous myoVa processivity studies with single linear actin tracks (13, 14) . To address this with high spatial resolution (Fig. 3A) , the stepping rate was slowed to 0.3 s Ϫ1 using 500 nM ATP and then the distance between the final position of the myoVa molecule and the actin filament intersection was measured, as well as the lifetime of the last step before termination. Based on the lead head's stepping range (see above), termination distances Ͼ100 nm from the intersection must be a spontaneous termination (Fig. 3C) . Closer inspection of the data within 100 nm of the intersection suggests that these data are well fit by a single Gaussian centered at 51 Ϯ 3 nm (Fig. 3C) . Because Ϸ72-nm steps were routinely observed (Fig. 3A) , the myoVa molecule must be labeled with a Qdot on only one of its heads, but without knowing which head is labeled, 51 nm most likely represents the myoVa's center of mass (see Fig. 3C ). Knowing that, while paused on actin, the two heads are separated by 36 nm (6, 15) , this would place the trailing head at 69 nm [i.e., 51 nm ϩ (36/2) nm] from the intersection. Therefore, the next Ϸ72-nm step by the trailing head would have it land right on the intersection, but in this case being unable to find an appropriate actin monomer, it terminates its run at a rate of 0.6 s Ϫ1 (Fig. 3C Inset) similar to the 1 s Ϫ1 termination rate previously reported (13, 16) .
We also observed myoVa navigating past actin filament branches formed by the Arp2/3 complex (17, 18) . Given myoVa's apparently large turning radius and with the Arp2/3 complex being only slightly larger than two actin subunits, it is not surprising that myoVa can travel down a branch (Fig. 2) . Analysis of 76 individual myoVa molecules showed that 62% continued along the mother filament and 20% switched to the Arp2/3 branch with equal probability for branches originating on the right or left side of the mother filament. The remaining 18% dissociated near a branch, either as a result of a spontaneous termination (13) or because the leading head attempted to step . The myoVa position (black circles) was determined by using FIONA every 0.33 s and, when paused at each step, multiple data points were averaged to give a final position (red circles). The distance between these final positions are provided. For the crossover example, the myoVa takes a 99-nm step to make it over the TRITC actin filament while taking 83 Ϯ 19-nm steps during its run. For the turning example, the myoVa motor took a 51-nm step to switch to the intersecting filament while taking 80 Ϯ 22-nm steps over its entire run. (B) Simple model explaining turning versus crossover frequency. MyoVa (light purple) at final position on Alexa Fluor 660 actin (red) before encountering a TRITC actin intersection (green). The Qdotlabeled trailing head (red star), when undergoing its step to its new position as the leading head (dark purple), undergoes a diffusional search that samples the available actin monomers (30 yellow and 7 blue monomers) within a 50-to 95-nm target zone (gray arc), determined by the range of distances normally observed between heads while paused on actin. The ratio of yellow or blue monomers to the 37 total monomers within the target zone gives an estimate of the probability for turning versus crossing over. (C) Histogram of the final myoVa distance to an actin intersection that resulted in run termination. Distances Ͼ100 nm were considered spontaneous terminations. Distances Ͻ100 nm were well fit by a Gaussian (51 Ϯ 3 nm), which most likely represents the myosin's center of mass (see text). With only one head Qdot labeled and with a probability of labeling being equal for the two heads, it may be possible with sufficient data to resolve two Guassians (hypothetical blue and red dotted lines) that are 36 nm apart representing each of the heads. (Inset) A histogram of the lifetime of the last step before termination, resulting in an effective termination rate of 0.6 s Ϫ1 .
onto the Arp2/3 complex but was unable to bind. Thus, the Arp2/3 complex and its associated branch provide myoVa an alternate route to its destination.
MyoVa Diffuses on Microtubules. Of the 58 myoVa molecules that approached a 25 nm diameter microtubule lying across the actin track (Fig. 1B) , the majority were unable to step over. Surprisingly, four stepped onto the microtubule and diffused randomly back and forth (SI Movie 4). Many additional myoVa molecules associated directly with microtubules (Ϸ1 myoVa per m of microtubule) even in the absence of actin filaments on the coverslip (Fig. 4A, SI Fig. 6 , and SI Movie 5). This motion of myoVa on microtubules does not require ATP. Control experiments showed that neither Qdots alone nor Qdot-labeled biotin-BSA associate with microtubules (data not shown), suggesting a myoVa-specific interaction with the microtubule.
The distribution of myoVa displacements on microtubules between successive images is a Gaussian centered at zero displacement (Fig. 4B) , as expected for a one-dimensional diffusive search (19) . The slope of the mean square displacement versus time (Fig. 4C) 
. This value is similar to the diffusion coefficient associated with the one-dimensional diffusive search of the depolymerizing kinesin, MCAK (20) . Therefore, myoVa can rapidly (average maximum speed ϭ 3.1 Ϯ 0.4 m/s, n ϭ 31) scan distances as large as 1.8 Ϯ 0.1 m (n ϭ 31) with an interaction lifetime of 47 Ϯ 5 s (n ϭ 70) before dissociating from the microtubule. In addition, a single-headed 6-IQ myoVa S1 construct diffuses on microtubules (diffusion coefficient
MyoVa's association with the microtubule was sensitive to ionic strength, suggesting an electrostatic interaction (Fig. 4D ). There were a significant number of diffusive events at ionic strengths approaching physiological levels. In vivo, it is possible that molecular crowding and the physical nature of the cytoplasm could increase the probability that myoVa interacts with the microtubule. Consistent with this electrostatic mechanism, removing the negatively charged C-terminal ''E-hook'' from tubulin with subtilisin reduced the number of myoVa molecules diffusing on microtubules by 90% of control (Fig. 4 D and E) as it does for both kinesin processivity and the diffusional search by MCAK on microtubules (20) (21) (22) .
These data provide strong evidence that myoVa can undergo a one-dimensional diffusive search along microtubules due to an electrostatic interaction between a domain on the myoVa head and tubulin's E-hook. During its ATPase cycle, the myoVa head interacts weakly with actin through an electrostatic interaction involving a positively charged (ϩ9) surface loop (i.e., loop 2) and the N terminus of actin (23, 24) . This same loop may interact with the tubulin E-hook, providing a basis for myoVa's diffusional search along the microtubule surface. In support of this, a single-headed smooth muscle myosin II S1 construct, which also has a positively charged (ϩ5) loop 2, diffuses on microtubules (data not shown). With each head having the capacity to electrostatically interact with the microtubule, myoVa's diffusive search will be enhanced by its double-headed structure as evidenced by longer scanning distances and scan times of two-headed myoVa compared with the single-headed myoVa S1 construct. Even in the absence of cargo, where myoVa exists in a folded/inhibited state, diffusion along the microtubule may still be possible, because inhibition involves the cargo-binding domain interacting with the head while leaving loop 2 fully exposed (11) . This diffusive search may provide a mechanism by which the initial encounter between myoVa and kinesin might occur ( Fig. 5 A and B) .
Conclusions
A combination of myoVa's hand-over-hand stepping mechanism and inherent flexibility allow the motor to navigate effectively through the overlapping and branched actin filament network in cells (Fig. 5C ). The ability of myoVa to travel in a spiral fashion along its actin track (25) may also increase its capacity to transfer between polymers in the three-dimensional cytoskeleton. Despite this tendency to switch polymers, myoVa has a high probability of reaching the cell periphery along with any cargo owing to the strong bias in the orientation of actin filaments with the barbed ends toward the plasma membrane (26) .
Cargo transport such as melanosomes may involve Ͼ60 myoVa, but given the melanosome surface area, only one or two myoVa interact with the actin track (12, 27) . Therefore, the present single motor in vitro model should reflect the challenges presented by the cytoskeleton in vivo. However, myoVa and kinesin do share cargo carrying duties either through their individual binding to the same cargo or through direct tail-tail interactions (1, 27, 28) (Fig. 5B) . The ability of myoVa to undergo a one-dimensional diffusive search along microtubules may allow it to search for a kinesin and/or cargo being transported by a kinesin molecule (Fig. 5A) . Interestingly, Mooseker and coworkers (29) demonstrated that the tail domain of myoVa can bind microtubules with high affinity, which could provide an additional mechanism for colocalizing myoVa to the microtubular track.
Capturing thermal energy to drive one-dimensional diffusive motion of enzymes and motor molecules along filamentous tracks may be a common strategy to achieve limited motion without active energy consumption (15, (30) (31) (32) (33) . The capacity of myoVa to interact electrostatically with the microtubule is a new surprise in Mother Nature's toolbox for building complex intracellular systems that contribute not only to determining a cell's phenotype but for coordinating cargo transport by multiple classes of molecular proteins.
Materials and Methods Protein
Preparations. An expressed double-headed heavy meromyoVa with a C-terminal yellow fluorescent protein (13) was modified with an N-terminal biotin tag (6) . Streptavidinfunctionalized Qdots, emitting at 655 nm (Invitrogen-Molecular Probes, Eugene, OR), were attached to the myoVa by incubating a 1:4 mixture of myoVa and Qdots for 10 min at room temperature in Actin buffer (AB) containing 25 mM KCl, 25 mM imidazole, 1 mM EGTA, 4 mM MgCl 2 , 10 mM DTT, and oxygen scavengers (0.1 mg/ml glucose oxidase/0.018 mg/ml catalase/2.3 mg/ml glucose), and 1 mg/ml BSA at pH 7.4. Actin was purified from chicken pectoralis as described (34) and prepared as filamentous actin and then labeled with either Alexa Fluor 660 phalloidin or tetramethylrhodamine B isothiocyanate (TRITC) phalloidin. Rhodamine-labeled tubulin and unlabeled tubulin (Cytoskeleton, Denver, CO) were mixed at 1:5 ratio and polymerized as described by the vendor. Microtubules were stabilized with 5 M taxol. The bovine Arp2/3 complex was purified from bovine thymus (35, 36) . Recombinant GST-WASp-VCA was purified from Escherichia coli (35, 36) .
Motility Assay with Cytoskeletal Intersections and Branches. A 10-l flow-cell chamber similar to that described (13) To create microtubular intersections, all of the steps described above for the actin-actin intersections were repeated except for step vii, where fluorescent microtubules (in 1 mM MgCl 2 /80 mM Pipes, pH 6.9/1 mM EGTA/5 M taxol) were infused into the flow-cell chamber and allowed to incubate for 2 min.
Branched actin filaments were prepared using Arp2/3 complex. Monomeric actin (500 nM) was polymerized in 50 mM KCl, 10 mM imidazole, 1 mM MgCl 2 , 1 mM EGTA, 0.2 mM ATP (pH 7.4) at room temperature, resulting in 6-to 10-m actin filaments in 6 min. We then added 5 nM Arp2/3 complex and 600 nM GST-WASp-VCA followed by an additional 500 nM monomeric actin to generate actin filaments with branches. These filaments were then stabilized by adding 1 M TRITC-phalloidin. As the branches are very fragile, pipetting was done very gently. Actin filaments with Arp2/3 branches were introduced into the flowcell at step v. After washing with AB and desired [ATP], a mixture of Qdot-labeled myoVa, AB, 1 mg/ml BSA, and 1 mM ATP was infused as described above. All motility assays were performed at 23°C.
MyoVa Movement on Microtubules. Once we observed the movement of Qdot-labeled myoVa on microtubules, a series of experiments and controls were performed in which microtubules were adhered directly to the coverslip surface without any actin present. To observe this movement, microtubules were fixed to the glass surface as described (37) . After a 2-min incubation, the flow-cell was washed with AB and then infused with AB with 1 mg/ml BSA. After a 2-min incubation and an AB wash, Qdotlabeled myoVa in AB, 1 mg/ml BSA, and the desired [ATP] (0, 10, 100, 500, 1000 mM) was infused. The experiment was repeated at 25, 50, 75, 100, 125, 150, and 175 mM KCl without ATP. Other control experiments were performed as described.
Subtilisin Digestion of Microtubules. Tubulin (Cytoskeleton, #BK007) at 5 mg/ml in 1 mM GTP, 80 mM Pipes, 1 mM EGTA, 1 mM MgCl 2 , and 12% glycerol was polymerized at 35°C for 15 min. Taxol was added to 20 M. To remove the C-terminal ends of ␣ and ␤-tubulin (E-hook), subtilisin (130 or 325 g/ml) and microtubules (18 g/ml) were incubated for 1 h at 35°C. The reaction was stopped by addition of 4 mM PMSF (dissolved in DMSO). The microtubules were pelleted by centrifugation at 14,000 ϫ g for 30 min. The supernatant was removed and the pellet resuspended in 80 mM Pipes, 1 mM MgCl 2 , 1 mM EGTA at room temperature. Samples were analyzed on an 8% acrylamide gel using the Laemmli buffer system. Monoclonal anti-␣-Tubulin (cloneB-5-1-2) and anti-␤-Tubulin (clone TUB 2.1) antibodies were obtained from Sigma (St. Louis, MO).
Data Acquisition and Image and Data Analysis. Fluorescence imaging was through an objective-type total internal reflectance microscope, as previously described (13), with a softwarecontrolled filter wheel to switch between Qdot and actin/ microtubule emission filters. Qdots were excited with the 514-nm argon laser line. Images were obtained by using a DVC-1412:GenIV Intensified high-resolution 12-bit digital camera (DVC Company, Austin, TX) at 83-ms integration time per color and switching between colors every 167 ms. Images were processed by using QED In Vivo software (Media Cybernetics, Silver Spring, MD).
Typically, 300 images per color were recorded for a total of 100 s. Digital images were corrected for image registration error between colors. The position of Qdot-labeled myoVa was fitted to a two-dimensional Gaussian representing the Qdot pointspread function with 6-nm accuracy (6, 8) . As a Qdot-labeled myoVa approached an intersection, the absolute position of the Qdot to the center of the intersecting actin filament or microtubule was determined as follows. Using Image J 1.34s (National Institutes of Health, Bethesda, MD), the 100-s movie file was split into two TIFF stacks (300 frames each), red for the Qdot and green for the actin/microtubule. Because the filaments were fixed to the surface, the filament images were averaged over all 300 frames. Then five scan lines were drawn (separated by 1 pixel ϭ 55 nm) that passed through the Qdot and the actin filament at a perpendicular angle using both the red and green TIFF stacks (see SI Fig. 7) . The intensity along each scan line was exported to Sigma Plot and then averaged. The resultant average intensity scan through the Qdot and the filament were each fitted to a Gaussian, with the distance between Gaussian peaks defined as the distance between center of actin filament and Qdot. Accuracy of the distance measurement was 6 nm.
To measure the intersection angle between the Alexa Fluor 660-and TRITC-actin filaments, the 100-s movie file was once again split into two TIFF stacks. Then, all of the images within each stack were added to generate a new composite image for each color. This operation resulted in a linear track associated with the moving Qdot-labeled myoVa (red stack) and a bright TRITC-actin filament (green stack). The intersection angle was then determined by lines drawn visually along the myoVa trajectory as it approached the intersection and the TRITC-actin filament.
For myoVa diffusing on microtubules, the maximum speed of diffusion for a given encounter was defined as the maximum displacement along the microtubule during one image frame multiplied by the frame rate (i.e., three frames per s). The scan distance was measured as the distance between the two extreme positions the myoVa achieved during its one-dimensional diffusive encounter, whereas the interaction time was the total time between the initial appearance of the myoVa on the microtubule and its disappearance, presumably due to the myoVa diffusing away from the microtubule.
